Abstract: Low-head barriers used in the control of parasitic sea lamprey (Petromyzon marinus) in the basin of the Laurentian Great Lakes can alter the richness and composition of nontarget fishes in tributary streams. Identification of taxa sensitive to these barriers is an important step toward mitigating these effects. Upstream-downstream distributions of fishes in 24 pairs of barrier and reference streams from throughout the basin were estimated using electrofishing surveys. For 48 common species from 34 genera and 12 taxonomic families, 8-19 species, 5-16 genera, and 2-7 families showed evidence of being sensitive to barriers, with the variation in number depending on the statistical measure applied. Barriers did not differentially affect species from certain genera or families, nor did they affect species of certain body form. Therefore, taxonomic affiliation and swimming morphology are not useful for predicting sensitivity to barriers for fishes that co-occurred with sea lampreys but were not sampled adequately by our survey. Our estimates of sensitivity will help fisheries managers make sound, defensible decisions regarding the construction, modification (for fish passage), and removal of small, in-stream barriers.
Introduction
Despite considerable interest in the effects of human actions on the environment, identifying species sensitive to specific actions remains an important and challenging research problem. The problem is important for identifying species that may be influenced by future actions, prioritizing species for research into ways of mitigating effects, developing policies aimed at minimizing unwanted effects, and identifying species to monitor in conservation or restoration plans. The problem is challenging because in many situations the number of species to be considered is high. It is also challenging because pertinent, related, but different concepts with fuzzy definitions, such as indicator species, sensitive species, vulnerable species, and sentinel species, have been described using similar terminology (Gibbons and Munkittrick 1994; Simberloff 1998; Caro and O'Doherty 1999) . It is challenging further because there is no consensus on how to demonstrate sensitivity. Initial methods for identifying sensitive taxa vary in their selection criteria and conceptual approach and have not always been validated adequately (Jones and Kaly 1996; Power and McCarty 1997) . More rigorous methods are still being developed and assessed and may require significant amounts of data and data collection effort (Hewitt et al. 2001; Stewart-Oaten and Bence 2001) .
Small dams and in-stream barriers represent one of the most common human alterations of the North American waterscape (Graf et al. 2002; Poff and Hart 2002; Graf 2003) . From a biological perspective, these structures are becoming a source of heightened concern because of their potential to restrict movements of fishes and to fragment streams and rivers (Jungwirth et al. 1998) . For similar reasons, they are also becoming an attractive, potential tool for ecosystem management because they can restrict the movements of invasive species, thereby protecting native species and ecosystems (Bergstedt and Holmes 1997; Sharov and Liebhold 1998; Stokstad 2003) . Greater information on the effects of these structures is needed to help fisheries and aquatic managers make sound, defensible decisions regarding the construction, modification (for fish passage), and removal of these structures.
We evaluate the sensitivity of fish species to the presence of low-head, in-stream barriers used in the biological control of sea lamprey (Petromyzon marinus) in the Laurentian Great Lakes. The sea lamprey is a parasitic fish that feeds on the blood and tissue of other large fishes (hosts). Its origin in Lake Ontario is uncertain, but it invaded Lakes Erie, Huron, Michigan, and Superior during the construction of shipping passages in the 1920s. Subsequently, this non-native species, combined with commercial fishing and habitat change, had strong detrimental effects on populations of large native fishes, such as lake trout (Salvelinus namaycush), lake whitefish (Coregonus clupeaformis), burbot (Lota lota), and suckers (Catostomus spp.) (Smith 1968; Henderson 1986; Liu and Jensen 1992) . Since the late 1950s, sea lampreys have been controlled successfully by periodically treating larval-rearing habitat in streams with the lampricide 3-trifluromethyl-4-nitrophenol (TFM). The agency that directs the control program is the Great Lakes Fishery Commission (GLFC). The GLFC recently pledged to reduce its reliance on TFM in response to growing public concern regarding introduction of chemicals into the environment and to increasing costs of TFM (GLFC 1992 (GLFC , 2001 ). Low-head barriers (~0.4-2.0 m in height) are an attractive, alternative control method. They deny maturing sea lampreys access to spawning habitat in streams, reduce the amount of stream treated with TFM, and reduce the exposure of nontarget fishes to lampricide. However, evaluations of the effects of these barriers on nontarget fishes are just beginning.
We evaluate sensitivity by comparing the relative abundances of fish species, genera, and taxonomic families above and below a barrier on a stream with their relative abundances above and below a hypothetical barrier on a corresponding reference stream. We first use field survey data to assess sensitivity for a set of common fish taxa using three statistical measures differing in the information used and assumptions made. We then examine whether species from the same genera or family tend to exhibit a similar level of sensitivity to barriers. Following this, we examine whether morphological correlates of swimming ability and use of fast-flowing water provide good predictors of the measures of sensitivity. Taxonomic affiliation and morphology are examined because these attributes may be useful for predicting the sensitivity of fishes found in streams that produce sea lamprey within the basin but not sampled adequately in our field survey. Sensitivity to barriers is assessed at the levels of species, genus, and taxonomic family because local population declines can be nonrandom within taxa (Purvis et al. 2000) and because patterns that are variable or noisy at the species level may be more apparent at higher taxonomic levels (Rodríguez and Lewis 1997) .
The findings presented here are part of a larger, extensive research program examining the basin-wide effects of lowhead barriers on fishes other than the sea lamprey. Earlier papers demonstrated that barriers alter the longitudinal decline in species richness within streams Hayes et al. 2003) and restrict the movements of common fishes (Porto et al. 1999 ).
Materials and methods

Design of field surveys
Twenty-four stream pairs, made up of 47 streams from across the basin of the Laurentian Great Lakes, were surveyed in the summer of 1996. Each pair consisted of a barrier stream with a low-head, sea lamprey barrier and a corresponding reference stream without a low-head, sea lamprey barrier. One reference stream had to be used in two pairs. We refer to streams lacking a sea lamprey barrier as references, rather than controls, to acknowledge that our study was not an experiment where barriers were assigned at random to streams within each pair. Stream selection and pairing were made in consultation with control agents and technical experts from Fisheries and Oceans Canada and US Fish and Wildlife Service. All streams had a history of producing sea lamprey. Streams within pairs were matched for geographical proximity and their general geology, size, flow, habitat characteristics, and, therefore, likelihood of supporting similar fish assemblages. Post hoc analyses demonstrated that barrier and reference streams did not differ systematically in catchment area, land cover (percentages of forest, agricultural, and urban cover), and surficial geology (percentages of glacial, lacustrine, and outwash deposits and bedrock) (multivariate analysis of variance: F test comparing barrier and reference streams after blocking by stream pair = 0.71, df = 7,17, P > 0.60). Streams within pairs were deliberately not matched based on information about fish assemblages because such overmatching could obscure any effects a low-head barrier might have had on fishes. Information on the physical characteristics of the sample sites is provided in Dodd et al. (2003) .
For each reference stream, a hypothetical barrier location was selected to correspond with the barrier location (distance from the stream mouth) on the paired barrier stream. Six stream sections, three above the barrier or hypothetical barrier and three below, were then surveyed for most streams. Each stream survey section was five to seven times the wetted stream width. Survey sections were separated by stream sections of at least five times stream width and typically longer depending on the availability of access points. The size and separation of stream sections were based on advice from the literature (Simonson and Lyons 1995) and from control agents and technical experts who were familiar with the streams. Survey sections closest to the barrier locations were selected so as not to include any small reservoir above the barrier or any plunge pool below the barrier. This was done to focus on detection of larger scale effects beyond the immediate vicinity of the barriers. On one stream, the barrier was too close to the stream mouth for us to survey three stream sections below the barrier. In this instance, we surveyed the entire downstream section.
Fishes within each stream section were sampled by singlepass, backpack electrofishing in the upstream direction . Captured fish were identified to species and measured (total length in mm). Voucher specimens of fishes that could not be identified in the field were sacrificed with tricaine methane sulfonate (MS-222), fixed in 10% formalin, preserved in 70% ethanol, and later identified by us or by T. Coon (Department of Fisheries and Wildlife, Michigan State University, East Lansing, MI 48824, USA) or E. Holm (Centre for Biodiversity and Conservation Biology, Royal Ontario Museum, Toronto, ON M5S 2C6). Voucher specimens were deposited in the Royal Ontario Museum.
Assessment of sensitivity to barriers
For each fish taxon, our survey data provided estimates of relative abundance above and below a low-head barrier on a barrier stream and for corresponding locations on the paired reference stream (Appendix A). Three statistical measures were used to assess sensitivity to barriers for every taxon where adequate data were obtained to make the calculations. Each measure compared estimates of a taxon's abundance above and below barriers against estimates of the taxon's abundance above and below hypothetical barrier locations on reference streams, because longitudinal distributions of taxa vary naturally within streams (Vannote et al. 1980; Matthews 1998 ). The first measure was an odds ratio (OR)
where a was the number of individuals of that taxon (species, genus, or family) collected above the barrier location for the 24 barrier streams, b was the number collected below the barrier location, c was the number collected above the hypothetical barrier location for the 23 reference streams, and d was the number collected below the hypothetical barrier location. OR < 1 indicates that a species' abundance above barriers relative to below on barrier streams is less than that expected based on the abundances observed for reference streams. Values greater than 1 indicate the species abundance above versus below barriers is greater than expected based on reference streams. For each OR, exact 95% confidence limits were calculated using the method of Sterne (1954) . The second measure was a common odds ratio (OR c ) obtained when a, b, c, and d were stratified by stream pair (Breslow and Day 1980) . OR c only considers stream pairs (strata) where individuals of a given taxon were observed in sample sections above and below a barrier location for either stream within the pair (i.e., a + c > 0 and b + d > 0) and observed in both barrier and reference streams (a + b > 0 and c + d > 0). OR c was calculated because the direction of the association quantified by the OR and the corresponding interpretation can be altered when data from strata are combined to form a single group, owing to differential weighting of the strata (Simpson's paradox) (Mittal 1991; Moore and McCabe 1999) . Interpretation of OR c is the same as that for the OR above. For each OR c , exact 95% confidence limits were calculated using the method of Sterne (1954) .
The third measure, the ratio of catch per unit effort (CPUE), was calculated using generalized linear models with Poisson error distributions (McCullagh and Nelder 1989) . The ratio of CPUE was calculated to provide a measure that was comparable with the OR measures, but accommodated variation in sampling effort among streams and among locations above and below barrier locations. A Poisson error distribution was assumed because our abundance measurements were counts with values ≥0 and the distributions of values were skewed. The number of individuals from a given taxon collected in a given survey area can be represented as
where N ijk is the number captured, c ijk is the CPUE, and t ijk the effort in electroshocking time (s) in stream pair i, stream type j (barrier or reference), and location k relative to the barrier (above or below). Log transformation provides the additive model
The analyses modeled log(N ijk ) with stream pair, barrier type, location relative to the barrier, and the statistical interaction between barrier type and location relative to the barrier as explanatory variables, with log(t ijk ) to compensate for variation in sampling effort. The interaction coefficient provided a CPUE ratio, log-transformed, that was directly analogous to the ORs above. Overall, goodness-of-fit statistics indicated that the models had variances greater than that expected for a Poisson distribution (overdispersion). Following McCullagh and Nelder (1989) , overdispersion was accommodated by adding a dispersion parameter estimated as the goodness-of-fit χ 2 divided by the model degrees of freedom. This dispersion parameter does not affect the estimate of the CPUE ratio, but does influence the standard error of the esti-mate. 95% confidence limits for the CPUE ratio were calculated using likelihood ratios. Values of CPUE ratio were back-transformed to make them comparable with the values of the corresponding ORs. Analyses using sampling area as the measure effort provided estimates of the CPUE ratio that were very similar to those obtained when using sampling time (R. McLaughlin, unpublished data).
Taxonomic affiliation and sensitivity
Relationships between taxonomic affiliation and sensitivity were assessed using intraclass correlations, which provide an estimate of the power of one species to predict the sensitivity of another species within the same group (e.g., family or genus within family) (Harvey and Pagel 1991) . Intraclass correlations were calculated using variance components estimated from nested analyses of variance considering family and genus within family as random effects. The specific variance components were estimated using restricted maximum likelihood, which is recommended over least-squares because it guards against negative estimates of the variance components and is better suited for unbalanced designs (Searle et al. 1992) . A normal deviates transformation (Legendre and Legendre 1998 ) was applied to the values of the OR and OR c prior to analysis. The values were transformed because the ORs had skewed distributions ranging from 0 to ∞ and because the transformations helped normalize the distributions of residuals and equalize the variances among genera and families. The transformation entailed ranking the OR values, selecting and ranking an equal number of random normal deviates, and assigning each ranked normal deviate to the corresponding ranked OR value. In the case of tied OR values, the assignment of a normal deviate was made randomly. The CPUE ratio was log-transformed back to its original scale of measurement prior to analysis.
Morphology and sensitivity
Geometric mean fork lengths were calculated for all species collected in our field survey. It was not feasible to measure body shapes of field specimens because of the time required to sample fishes and habitat features ) at all 47 streams in the same field season. Therefore, drawings from Trautman (1981) were digitized for 39 of the species for which we estimated sensitivity and six morphological attributes were measured using the National Institutes of Health (NIH) Image program (Version 1.61; available from http://rsb.info.nih.gov/nih-image/). The attributes were total length, body depth, minimum caudal peduncle depth, caudal peduncle length, caudal fin length, and caudal fin span, as defined by Trautman (1981) . Total length (mm) was measured from the most anterior point of the upper snout to the furthest tip of the caudal fin. For each species, the total length of specimens used for the drawings was also provided by Trautman (1981) and used to calibrate all measurements taken. Body depth was the greatest vertical distance from the dorsal to the ventral body surface exclusive of fleshy or scaly structures connected with the fin bases. Minimum caudal peduncle depth was the smallest distance in a straight line from the midline of the dorsal surface of the caudal peduncle to the midline of the ventral surface. Caudal peduncle length was the oblique distance from the insertion of the anal fin base to the caudal fin base. Caudal fin length was the distance from the most anterior point of caudal fin to the most posterior point. Caudal fin span was the distance from the most dorsal point of caudal fin to the most ventral point when the fin is spread open. When images of adult male and female individuals were provided, both diagrams were measured and averaged for analysis. The measured attributes were selected as predictors of general locomotor performance and use of challenging flow conditions based on earlier theoretical (Webb 1984 (Webb , 1988 and empirical (e.g., Taylor and McPhail 1985; Bisson et al. 1988; Matthews 1998 ) treatments linking morphology with swimming performance and habitat use. We opted for this general approach because of uncertainty regarding how the fishes respond to barriers. Most species of stocked Pacific salmon (Oncorhynchus spp.) can jump over the barriers (Kelso and Noltie 1990) , but jumping abilities of fishes native to the Great Lakes are poorly known, and it is commonly believed that native fishes traverse small barriers at times when the barriers are inundated (e.g., Cumming 2004).
Trautman's (1981) drawings were considered adequate for our analyses based on five criteria. First, our analyses focused on the coarse size and shape variation among species. Second, Trautman drew individuals considered to be representative of a given species based on 20-40 morphological measurements, depending on the species, made from 10-50 individuals of various sizes (Trautman 1981) . Third, mean fork lengths (log 10 -transformed) of the specimens collected in our study were correlated reasonably strongly with the total lengths (log 10 -transformed) from Trautman (r = 0.73, P < 0.0001, n = 39 species). Fourth, for the species considered in our analysis, body depths (35 species), caudal peduncle depths (12 species), and caudal peduncle lengths (four species), expressed as percentages of total length, were consistent with corresponding estimates provided in Scott and Crossman (1973) . Finally, morphological measurements were made for a single preserved specimen from each of 12 species. The specimens were obtained from the fish collection housed at the University of Guelph. After adjusting statistically for differences in total length, the relative sizes of the morphological features were significantly correlated between the specimens in Trautman's drawings and the specimens we measured (r = 0.99, 0.96, 0.70, 0.68, and 0.69 for body depth, minimum caudal peduncle depth, caudal peduncle length, caudal fin length, and caudal fin span, respectively; all with P < 0.02). For a fish 129 mm in total length, mean sizes of measurements made from the drawings and from the preserved specimens, respectively, were 26 and 26 mm for maximum body depth, 11 and 12 mm for minimum caudal peduncle depth, 18 and 18 mm for caudal peduncle length, 24 and 24 mm for caudal fin length, and 25 mm and 27 for caudal fin span.
Our measures of sensitivity were correlated with both univariate and multivariate measures of size and shape using Kendall's rank correlations. In univariate analyses, the morphological measures were log 10 -transformed. Fork length was then used as a measure of size, and the remaining morphological (shape) measures were adjusted for size using the allometric method of Reist (1986) . In the multivariate analyses, a principal components (PC) analysis conducted on the 
Results
Assessment of sensitive species
Eighty-one species from 49 genera and 16 taxonomic families were collected during our field survey. Of these, 48 species from 34 genera and 12 taxonomic families were abundant enough for us to calculate the measures of sensitivity (Tables 1-3) .
Four key results were obtained from these analyses. First, 8-19 of the 48 most common species, 5-16 of 34 genera, and 2-7 of 12 taxonomic families showed signs of being sensitive to sea lamprey barriers based on the their longitudinal distributions within barrier and reference streams. Variation in the number of sensitive taxa is due to differences in the information considered and assumptions made by the three methods used to assess sensitivity. Depending on the measure considered, 6-12 species, 4-11 genera, and 1-5 families were underrepresented above barriers, while 2-7 species, 1-5 genera, and 1-2 families were overrepresented above barriers (Tables 1-3) .
Second, the three measures of sensitivity were correlated reasonably strongly with each other at each taxonomic level considered (Table 4) . At every level, correlations were highest between the unstratified OR and the CPUE ratio. These two measures were almost identical even though the OR did not consider variation in electroshocking time (Table 1) ; however, confidence intervals estimated for the CPUE ratio were wider than those for the OR. The weakest correlations were observed between the OR c obtained after stratifying by stream pair and the other two measures (Table 4) .
Third, there were instances where estimates of a taxon's sensitivity varied considerably between the OR c and the other two measures, but these were relatively few. Examples included common carp (Cyprinus carpio), American brook lamprey (Lampetra appendix), smallmouth bass (Micropterus dolomieu), pumpkinseed (Lepomis gibbosus), brook trout (Salvelinus fontinalis), and the central mudminnow (Umbra limi). The first five examples are species that were not often found in both streams of a stream pair. Conversely, the central mudminnow was found in both streams of a pair in 12 of 19 instances (Table 1) . In its case, the difference was due to two stream pairs that were not suitable for the OR c calculation because mudminnows were only detected in stream sections above the barrier locations (see Materials and methods) and where the numbers of individuals detected above the hypothetical barrier locations were unusually high relative to other stream pairs.
Fourth, patterns observed at one taxonomic level were not necessarily reflected at another. With the family Percidae, for example, fishes from the genera Perca and Percina tended to be underrepresented above barriers, while fishes from the genus Etheostoma tended to be overrepresented (Table 2) . lists both an eastern and a western blacknose dace. However, we identified the fish prior to this splitting of the species and treated our samples as one species. Table 1 (concluded).
Yet for percids overall, 95% confidence limits for the measures of sensitivity all included the value of 1 (Table 3) , the value expected if the longitudinal distribution of percids observed for barrier streams was the same as that observed for reference streams. Similarly, some cyprinid species were relatively less abundant above barriers (e.g., longnose dace, Rhinichthys cataractae), but others were relatively more abundant above barriers (e.g., hornyhead chub, Nocomis biguttatus). However, the overall abundance of cyprinids above barrier locations relative to below tended to be lower for streams with lamprey barriers than for streams without lamprey barriers. Conversely, the two common species of the family Catostomidae, white sucker (Catostomus commersonii) and northern hog sucker (Hypentelium nigricans), tended to be less abundant above lamprey barriers than expected based on reference streams, but only the value of the OR c for white sucker had confidence limits that did not include the value of 1 (Table 1) . At the family level, however, the two OR measures of sensitivity indicated that abundances of catostomid fishes above sea lamprey barriers relative to below were consistently lower than expected based on reference streams (Table 3) .
Taxonomic affiliation and sensitivity
Sensitivity to barriers was largely species specific. Taxonomic family accounted for 0%, 4%, and 2% of the total variance in the transformed values of the OR c , OR, and CPUE ratio, respectively, (intraclass correlations = 0.00, 0.04, and 0.02, respectively). Genus within family accounted for 0%, 12%, and 39% of the total variance, respectively.
Morphology and sensitivity
We found no strong predictive relationships between our measures of sensitivity and any of the proposed morphological correlates of swimming performance and habitat use. The measures of sensitivity were not significantly correlated with univariate or multivariate measures of body size at any of the taxonomic levels considered (Table 5 ). The measures of sensitivity were also not significantly correlated with univariate and multivariate measures of body shape (Table 6) . A summary of the principal components analysis of morphology is provided in Table 7 .
Discussion
Assessment of sensitive species
The first noteworthy contribution of our study is the introduction of a rigorous, quantitative method for assessing the sensitivity of stream fishes to small, instream barriers and the application of this method to identify common fish taxa that appear to be sensitive to sea lamprey barriers, as judged by their longitudinal distribution in barrier streams relative to reference streams. Knowledge of sensitivity is needed to implement GLFC's Interim Policy on the Placement of Sea Lamprey Barriers, which was developed in response to our earlier findings that barriers alter species richness within streams Hayes et al. 2003) and restrict the movements of common fishes (Porto et al. 1999) . Policy guidelines specify that construction of a barrier will not be recommended if the barrier is anticipated to negatively affect fish species at risk, reduce the diversity of fishes within the stream, lead to the loss of a fish species within the fish faunal region where the stream is found, or lead to a range reduction for species with fragmented distributions within the fish faunal region. Knowledge of sensitivity is also needed to prioritize species for fish passage research, given that over 100 fish species have been observed in the streams and rivers where sea lamprey spawn (R. McLaughlin, unpublished data).
At each of the taxonomic levels considered, the majority of taxa examined did not exhibit evidence of being sensitive to low-head barriers; however, a potentially meaningful proportion did. For many species, the differences in longitudinal distributions between barrier and reference streams were in degree, with individuals being detected above the barrier but with slightly lower odds of occurrence relative to their occurrence in reference streams (e.g., mottled sculpin, Cottus bairdii). However, for some species, such as yellow perch (Perca flavescens), no individuals were detected above sea lamprey barriers, but individuals were expected there based on their presence above hypothetical barrier locations on reference streams. The only sensitive species with conservation designations assigned by provincial or state management agencies were the blacknose shiner (Notropis heterolepis, endangered in Illinois) and the blackchin shiner (Notropis heterodon, threatened in Illinois and endangered in Ohio), which tended to be overrepresented above barriers. In addition, other sensitive species have been assigned Natural History Information Centre Rankings of very rare or rare to uncommon in certain political jurisdictions within the basin. Ultimately, whether the differences observed between species' distributions on barrier and references streams are considered acceptable depends on a complex decision weighing the benefits that sea lamprey control provides in the basin against the nontarget effects that control actions have in streams where they are carried out.
Predicting sensitivity from taxonomic affiliation and morphology
A second noteworthy contribution from our study is the finding that sensitivity to barriers is variable among closely related species, a result consistent with the emerging, general observation that species' responses to habitat fragmentation are often diverse and challenging to predict (Debinski and Holt 2000; Young and Clarke 2000) . On the one hand, the species-specific responses are encouraging. Concerns regarding coincident losses or severe population declines for closely related species are not evident for sea lamprey barriers, although net changes in numbers were observed for some genera and families. The heterogeneity in responses also raises the possibility that certain species may be replaced by a related species of similar ecology, such that the ecosystem services provided by the assemblage are not altered even though the assemblage composition may change. This remains to be tested, however. On the other hand, the species specificity is disappointing because the sensitivity measured for one species does not appear to predict the sensitivity of a closely related species whose sensitivity is unknown.
A third noteworthy contribution from our study is the demonstration that the morphological correlates of general swimming performance and habitat use that were measured here do not predict sensitivity to sea lamprey barriers. This finding is important because it suggests that sea lamprey barriers do not differentially affect fishes of certain body form. It is also important because we have encountered strong preconceptions that body size and shape should predict sensitivity and because our study explicitly tests the relationship at a geographic scale and taxonomic breadth that is unparalleled by earlier studies. The strong preconception is presumably a consequence of successes from the literature on functional and ecological morphology (Scarnecchia 1988; Wainwright and Reilly 1994; Matthews 1998) .
The absence of a predictive relationship warrants greater consideration of the assumptions that underlie the expectation. One assumption is that our measures of sensitivity are a direct consequence of barriers restricting the normal movements of a given species. However, populations or subpopulations do not necessarily have to exhibit a decline following fragmentation. Indirect population responses are also possible. Some species were relatively more abundant than expected above sea lamprey barriers, which may reflect some form of ecological release in response to a predator or competitor being denied access to the stream segment above a barrier. A second assumption is that passage over or around a barrier is determined by swimming ability. This assumption fails to consider the importance of the sensory biology associated with finding a way past the barrier or other behavioural abilities that allow fishes to exploit heterogeneities in flow (Liao et al. 2003) . Sea lampreys, for example, are considered to have poor swimming capacity, yet they successfully pass hydrodynamic challenges by using their oral Note: Lower and upper 95% confidence limits are provided in parentheses for each measure. A value of 1 indicates the relative abundances of fish from a given genera collected above versus below a barrier on barrier streams is the same as that observed above and below a hypothetical barrier on reference streams. Bold values have 95% confidence limits that do not include 1. Occurrence summarizes the number of stream pairs when a genus was collected in at least one stream of a pair and when it was collected in both streams of a pair. Table 2 . Identification of genera sensitive to low-head barriers based on the catch-per-unit-effort (CPUE) ratio, odds ratio (OR), and common odds ratio (OR c ).
disc to attach periodically to surfaces. A third assumption is that swimming ability is influenced by body size and shape. There is a rich literature demonstrating that broad correlations exist (Webb 1984 (Webb , 1988 Matthews 1998) . Still, the functional relationships among behaviour, performance, and morphology are often complex and poorly examined (Lauder 1996; Matthews 1998) , and the broad correlations may be difficult to observe and detect over a narrower range of body sizes and shapes (Smith 1980) . Most of the species in our study were of similar body form and have been described as locomotor generalists (Webb 1984) .
Strengths and weaknesses of our method of assessing sensitivity
The measures used to assess sensitivity to sea lamprey barriers have four attractive features. The first of these features is statistical sensitivity. We were able to identify sensitive taxa at each taxonomic level even though sample sizes were low for some species (e.g., northern pike, Esox lucius). A second feature is interpretability. This feature is enhanced through the inclusion of comparative data for reference streams and, for species with broader distributions, the consideration of multiple stream pairs. Without references, it is challenging, if not impossible, to distinguish any effect of a dam from natural variation or from other potential sources of effect . Efforts to assess the effects of small dams have often lacked reference locations (Peter 1998; Helfrich et al. 1999) . Consideration of multiple stream pairs allows us to focus on the general effects of sea lamprey barriers rather than on the effects of any specific dam . A third feature of our analysis is coherence. Estimates of sensitivity from the three methods employed here were correlated reasonably highly despite variation in the data used by each method. A final feature is transparency. The information and criteria used to assess sensitivity in this study are clearer than those typically used in past assessments of sensitivity or in assignments of conservation designations (Jones and Kaly 1996; Musick 1999 ).
There are also six limitations and uncertainties with our measures of sensitivity. First, our analyses were restricted to the most common species collected in our extensive field survey because of limitations on sample size, yet the rarer species may be of greatest conservation concern. Our field survey also did not detect all of the stream fishes that cooccur with sea lampreys. This creates the need to either spend more time and money assessing the remaining species or to seek effective predictors of sensitivity (Dulvy and Reynolds 2002; Reed and Shine 2002) . Second, estimates of sensitivity for some species differed substantially from a value of 1, presenting possible reason for concern, yet had wide confidence limits that included the value of 1. The point estimates of 0 for trout-perch (Percopsis omiscomaycus) provide such examples. Trout-perch is known to migrate between the lakes and tributaries, but is not noted for being a strong swimmer (Scott and Crossman 1973) , which suggests movements of this species could be blocked by instream barriers. Improving estimates through more intensive sampling at a site (e.g., triple pass electrofishing, addition of blocking nets) would have been desirable, but was not practical given the time constraints on our fieldwork. Further, increasing precision at a single site is not necessarily more informative than sampling more sites less precisely, unless it is known that replicate sites exhibit similar responses to the perturbation (Walters and Green 1997 Note: Lower and upper 95% confidence limits are provided in brackets for each measure. A value of 1 indicates the relative abundances of fish from a given taxonomic family collected above versus below a barrier on barrier streams is the same as that observed above and below a hypothetical barrier on reference streams. Bold values have 95% confidence limits that do not include 1. Occurrence summarizes the number of stream pairs when a taxonomic family was collected in at least one stream of a pair and when it was collected in both streams of a pair. including before and after data for barrier and reference streams would be most desirable for detecting the effects of a barrier against a background of natural and other anthropogenic changes ; however, adequate historical records were not available for our study streams (Ross 2001) , and considerable time will be needed before they are available for streams scheduled for barrier construction. Fourth, our estimates of sensitivity are limited to a single field season. Longitudinal distributions of fishes may vary seasonally and annually because of migratory movements within the stream sections above and below barriers and, possibly, because of movement between sections if a barrier becomes inundated. Fifth, our study design is not suitable for detecting species that have disappeared from the entire stream following construction of a barrier. Lastly, our analyses identify species that appear to be sensitive to barriers, but do not identify specific mechanisms for each species' sensitivity. We have deliberately restricted ourselves to the former because of the uncertainty regarding if and how species traverse the barriers, the diversity of mechanisms that might influence longitudinal abundances following stream fragmentation, and the inadequacy of our data for examining these mechanisms directly. Which measure of sensitivity warrants the strongest consideration is unclear. Values for the CPUE ratio and OR were almost identical and therefore provide a similar estimate of sensitivity. Relative to both of the OR measures, the CPUE ratio has the advantage of incorporating sampling effort. This did not matter much in our study, because the allocation of effort above and below barrier locations was similar for barrier and reference streams, but it could be important in other study designs. The CPUE ratio has the disadvantage of having wider confidence limits than the ORs. Unlike the other measures, the OR c , which stratifies across stream pairs, helps avoid the loss information arising when data are aggregated (Simpson's paradox) (Mittal 1991; Moore and McCabe 1999) ; however, in our case it only uses that subset of information available from stream pairs where a species is found in both streams of a pair and at least one of the stream sections above a barrier location and at least one below. For some species in our study, this limited the number of stream pairs and individuals used in the calculation (e.g., American brook lamprey and brook trout).
In conclusion, our study introduces and applies an explicit and rigorous means of evaluating the sensitivity of fishes to small, instream barriers and identifies sources of uncertainty with these evaluations. It also represents the first large-scale, comprehensive effort to assess the sensitivity of stream fishes to instream barriers. Although further validation is needed, our estimates of sensitivity will help natural resource and aquatic managers in the Great Lakes to anticipate how common stream fishes could respond to the construction or removal of instream barriers, as well as to assist scientists with the prioritization of species for passage research. In addition, the estimates may prove useful in other geographic areas because many of the fishes have distributions extending outside of the basin. Predicting or measuring sensitivity to barriers for the other stream fishes known to co-occur with sea lampreys in the Great Lakes remains an important outstanding challenge.
